We developed a new method that rapidly and specifically enumerates only viable Listeria monocytogenes in food using fluorescence in situ hybridization in combination with filter cultivation (FISHFC). Viable L. monocytogenes could be specifically quantified within 16 h using an Alexa647-labeled mRL-2 probe. The coefficient of the correlation between the new method and the conventional plating method was 0.959.
Listeria monocytogenes is pathogenic to humans and frequently isolated from food and food processing environments (19) . The bacterium can grow at low temperatures and also survive high salt concentrations as well as low pH conditions (6, 12) . It is therefore one of the most important foodborne pathogens in the food industry. Conventional methods used to detect and enumerate L. monocytogenes from food samples are complex, labor-intensive and time-consuming; requiring about 5 days to a week (US Food and Drug Administration's Bacteriological Analytical Manual; http://www. cfsan.fda.gov/~ebam/bam-10.html). Suspected colonies must be subjected to several biochemical tests to identify strains to the species level (1) . Therefore, the development of a rapid detection and enumeration method for viable L. monocytogenes in food is urgently needed to ensure food safety.
Fluorescence in situ hybridization in combination with filter cultivation (FISHFC) is a powerful tool for the enumeration and identification of only viable specific microorganisms in environmental and food samples (17) . FISHFC has advantages over many rapid detection methods such as PCR (2, 8) , quantitative PCR (9, 15, 16) , RT-PCR (13), enzyme-linked immunosorbent assay (ELISA) (5) and FISH (14, 20, 22) . PCR and quantitative PCR are faster but detect both live and dead cells. Similarly, the RT-PCR and ELISA methods are not quantitative (10) . Previously, we demonstrated the accurate enumeration of Listeria spp. with FISHFC in food samples (7) . In this study, we improved the specificity of FISHFC to be able to accurately and rapidly enumerate viable L. monocytogenes in food samples.
An Alexa647 ® -labeled oligonucleotide probe, mRL-2 (sequence 5'-3'; AGAATAGTTTTATGGGATTAGCTCC-ACC), was used to detect L. monocytogenes in this study. We selected Alexa647 as a fluorescent dye, because it is one of the brightest NIR/IR dyes and has a much weaker background signal in complex samples than dyes with shorter wavelengths (4). The oligonucleotide was purchased from Japan Bio Service (Saitama, Japan). This probe sequence was modified to carry out the hybridization at 46°C on the basis of the RL-2 (sequence 5'-3'; ATAGTTT-TATGGGATTAGC) 16S rRNA probe for L. monocytogenes (21), and mRL-2 also has two mismatch base pairs compared with other Listeria spp., except L. grayi which has three mismatches.
First, the specificity with which the Alexa647-labeled mRL-2 probe recognizes the listerial micro-colonies (L.
T , and L. welshemeri ATCC 35897 T ) was examined. Each strain was cultivated in tryptone soy broth (Oxoid, Hampshire, UK) supplemented with 0.6% yeast extract (Oxoid) (TSBYE) at 37°C for 24 h and diluted with phosphate-buffered saline (PBS) to achieve a 3 log CFU mL −1 concentration. The inoculated PBS (0.1 mL) was mixed with 4 mL of Listeria recovery broth (LRB) (3) and filtered using 37-mm monitor units (Advantec, Tokyo, Japan) fitted with hydrophilic polypropylene filters (0.45 µm, Pall, East Hills, NY, USA) on a cellulosic absorbent pad (Advantec, Tokyo, Japan). After 12 h at 37°C, the membrane filters were placed on a cellulosic absorbent pad pre-soaked in 2 mL of 50% ethanol, then the bacterial micro-colonies were fixed at room temperature for 1 h, and dehydrated with 100% ethanol. After drying, 300 µL of hybridization buffer (25% formamide, 0.01% sodium dodecyl sulfate [SDS], 0.9 mol L −1 NaCl, 20 mmol L −1 TrisHCl [pH 7.6], 5×Denhardt's solution, and 1 µmol L −1 mRL-2 probe labeled with Alexa647) was applied to the membranes and incubated at 46°C for 1 h. The filters were washed twice with 1 mL of pre-warmed (46°C) ultra pure water under negative pressure and air-dried. The filters were observed using an E600 epifluorescence microscope (Nikon, Tokyo, Japan) equipped with an objective lens (Plan fluor 4x, Nikon) and a XF208 fluorescent filter (Omega Optical, Brattleboro VT) (EX 640/20 nm, EM 682/22 nm). Images were captured using a CCD camera (Nikon DS-2MBWc). The exposure time was 0.1 sec for micro-colonies of L. monocytogenes, 2 sec for L. ivanovii and L. grayi, 3 sec for L. innocua, 4 sec for L. welshemeri, and 6 sec for L. seeligeri. The fluorescence intensity of the micro-colonies was quantified using ImageJ 1.40 software (National Institute of Mental Health, Bethesda, MO, http://rsb.info.nih.gov/ij/).
The micro-colonies of L. monocytogenes showed much higher levels of fluorescence than those of the other Listeria spp. (Fig. 1) . The respective signal-to-noise ratio (S/N ratio; signal equals the average fluorescence intensity of ten randomly chosen micro-colonies of L. monocytogenes and noise equals that of other Listeria spp.) and standard deviation were 14.54±3.20 for L. ivanovii, 25.84±15.42 for L. grayi, 27.72±12.89 for L. innocua, 52.03±9.95 for L. welshemeri, and 170.08±29.59 for L. seeligeri. A S/N ratio of at least 1.3 is needed to detect and automatically count probe-stained planktonic cells on filters (18) , and a S/N ratio of 3.0 is needed to detect probe-stained E. coli in activated sludge (11) . Therefore, this result indicates that FISHFC using the mRL-2 probe detects only micro-colonies of L. monocytogenes on the membrane filters.
We further studied the accuracy of FISHFC with Alexa647-labeled mRL-2 as compared to conventional plate counting for the enumeration of L. monocytogenes in various food samples. Food samples (smoked salmon, mozzarella cheese and julienne cabbage) were purchased from a local supermarket. Prior to inoculation with Listeria, initial viable counts of the food samples were determined with the surface plate method with tryptone soy agar (TSA, Oxoid) supplemented with 0.6% yeast extract (Oxoid) at 30°C for 48 h. Viable counts of smoked salmon, mozzarella cheese and julienne cabbage were <2.00, 6.35 and 6.06 log CFU g −1 , respectively. Ten grams of each sample was homogenized with 90 mL of 0.85% NaCl for 30 s in a stomacher (Stomacher 400; Oregano, Tokyo, Japan). L. monocytogenes IID 581 was cultivated at 30°C for 24 h, and artificially introduced into the food sample homogenates at about 10 2 -10 3 CFU mL −1 . For FISHFC, 0.1 mL of homogenate was mixed with 4 mL of LRB and the mixture was filtered using 37-mm monitor units fitted with hydrophilic polypropylene membrane filters (0.45 µm). After 12 h at 37°C, the membrane filters were fixed, hybridized, washed and observed (exposure time; 0.1 sec) using the procedure described above. The CFUs of L. monocytogenes were also enumerated by surface plating 0.1 mL of diluted sample homogenate onto CHROMagar Listeria ® (Oxoid) at 37°C for 24 h. Statistical analyses were performed using R 2.70, a free statistical software package available at http://www.r-project.org. The level of statistical significance was set at a p value of <0.05. Before use of the paired t-test and the calculation of coefficients of correlation, each CFU value was logarithmically transformed.
Autofluorescence of food particles was observed when using a UV-1A fluorescence filter (Nikon; EX 365/10 nm, EM 400 nm) ( Fig. 2B; arrow d, e, f, g ). On the other hand, autofluorescence noise was reduced when the XF208 fluorescent filter was used. As a result, micro-colonies of L. monocytogenes were clearly distinguishable with the XF208 filter ( Fig. 2A; arrow a, b, c) , demonstrating that the fluorescence filter for NIR/IR dyes can be used to analyze samples that contain food particles. For various food samples, paired t-tests showed no significant difference between FISHFC counts and CHROMagar counts (smoked salmon, p=0.25; mozzarella cheese, p=0.93; and julienne cabbage, p=0.98) (Fig. 3) . In this experiment, the equation and the coefficient of correlation were y=1.18x and 0.973 with smoked salmon, y=1.03x and 0.984 with mozzarella cheese and y=0.95x and 0.906 with julienne cabbage, respectively. In addition, when all the results for each food sample were combined, these values were y=1.02x and 0.959.
This study shows that L. monocytogenes in food samples can be detected and enumerated within 16 h (cultivation 12 h, fixation 1 h, air-drying 45 min, hybridization 1 h, washing 30 min and counting 30 min) using an Alexa647-labeled mRL-2 probe and FISHFC. FISHFC is therefore preferable for the specific, accurate and rapid quantification of viable L. monocytogenes in food.
